 (Table 1) 
. Despite the small Increasing evidence supports the notion that a kinetic abnormality of the acetylcholine receptor (AChR) in a amplitude of the MEPP, the number of end plate EPspecific ␣-bungarotoxin (␣-bgt)-binding sites was 5.2 ϫ congenital myasthenic syndrome (CMS) predicts a mutation in one or more AChR subunits (Engel, 1994b; Ohno 10 6 per EP. This value was higher than in a 3 year-old control subject (4.7 ϫ 10 6 ) but lower than in 13 adult et al., 1995a; Sine et al., 1995b). Thus, we showed that prolonged activation of the AChR channel in the slowcontrols (12.82 Ϯ 2.84 ϫ 10 6 ; mean Ϯ SD). When EP AChR was visualized in frozen sections with rhodaminechannel CMS is associated with mutations in the M2 and even the M1 transmembrane domains (Ohno et al., labeled ␣-bgt, the intensity of the fluorescent signal was comparable with that observed at control EPs. Ultra1995a; Ohno et al., 1995b; Ohno et al., 1996) , or with a mutation in the extracellular domain of the ␣ subunit structural localization of AChR with peroxidase-labeled ␣-bgt revealed a normal density and distribution of that increases the affinity of AChR for acetylcholine (ACh) . We now report discovery of AChR on the crests of the junctional folds (Figure 1) , and the AChR index (defined as the ratio of the length a mutation in the ⑀ subunit gene in two unrelated patients that results in abnormally infrequent and brief episodes of the postsynaptic membrane reacting for AChR to the length of the primary synaptic cleft [Engel, 1994a] ) was of channel activation. We show that these effects are attributable to a decreased affinity of AChR for ACh, as 3.11 Ϯ 1.44 (mean Ϯ SE; 24 EP regions). This value is close to the range of means obtained in five control well as a decreased rate of channel opening. Our findings illustrate the importance of the affinity of AChR for subjects (3.13-3.31). Ultrastructural examination of 30 regions of 14 EPs ACh in governing both the efficiency and time course of openings were detected only in the presence of 50 In this patient, the very low MEPP amplitude without EP AChR deficiency (Uchitel et al., 1993 ) prompted us to Patch-Clamp Analysis of EP AChR search for a mutation in one or more AChR subunits.
Channels in Patient 2
We first screened for mutations by single-strand conforTo search for a kinetic defect of AChR, we recorded mation polymorphism (SSCP) analysis on PCR-amplisingle-channel currents from the EPs of the patient in fied fragments of genomic DNA encoding the ␣, ␤, ␦, the presence of 50 nM to 50 M ACh. Channel openings and ⑀ subunits. We detected six aberrant conformers; were not detected at 50 nM ACh, were infrequent with five were commonly observed even in normal controls, 0.1 M ACh, and were less frequent than normal with but one was unique to patient 1. Direct sequencing of 1 M ACh (Figure 2) . At 1 M ACh, the channel open the corresponding DNA fragments identified five heterointervals had a major component that was shorter than zygous polymorphisms: ␣130-13insT in ␣ intron 2; the major component of normal open intervals, and a ␦G57A in ␦ exon 2, causing no amino acid substitution; minor component of similar duration to that of the major ⑀C857ϩ15G in ⑀ intron 8; ⑀C973-6T in ⑀ intron 9; and component of normal open intervals (Table 2) . Channel ⑀C1233T in ⑀ exon 11, causing no amino acid substiopen intervals, burst durations, and relative areas were tution. essentially unaltered at ACh concentrations ranging
The aberrant conformer unique to patient 1 was due from 50 nM to 20 M. At 50 M ACh, the minor compoto a heterozygous C-to-T transition in ⑀ exon 5 at nucleonent of channel open intervals was absent. It was notatide 362 (⑀C362T) that converted a proline to a leucine ble that channel openings showed resistance to clustercodon at position 121 (⑀P121L) ( Figure 3A) . The altered ing with increasing concentrations of ACh and clusters proline is located in the extracellular domain of the ⑀ subunit and is conserved across all subunits and species (Figure 4) . To check for mutations that SSCP analysis might have missed, we sequenced all exons and flanking intronic regions of the ␣, ␤, ␦, and ⑀ subunits. This revealed another heterozygous polymorphism, ⑀G-8T in ⑀ exon 2, predicting an ⑀G-3V substitution in the signal peptide region, as well as a ⑀G-24A mutation in ⑀ exon 1 that converts a glycine to an arginine codon at position Ϫ8 (⑀G-8R) in the signal peptide region ( Figure 3A) . The altered glycine at Ϫ8 is not conserved among the other human subunits nor among the ⑀ subunits of other species.
⑀P121L resulted in loss of a MspI restriction site. MspI digestion of DNA samples obtained from family members revealed that mother and son of patient 1 also carry ⑀P121L ( Figure 3B) . A search for ⑀G-8R by allele-specific PCR showed that the father and daughter of patient 1 
PCR also established that patient 1 inherited the ⑀G-3V
The density and distribution of AChR on the junctional folds is normal. Scale bar represents 1 m.
polymorphism from her mother (data not shown). Since the polymorphism and mutation of the signal peptide in mutation not only in patient 2, but also in his asymptomatic mother and symptomatic sister ( Figure 3C ) and alpatient 1 reside on different alleles, the polymorphism does not contribute to the pathogenic effects of the lele-specific PCR demonstrated the ⑀S143L mutation in his asymptomatic father and his symptomatic sister mutation. Restriction analysis for ⑀P121L and allele-specific PCR for ⑀G-8R revealed no similar mutations in 100 ( Figure 3C ). ⑀S143L was not found in 100 normal controls or in 42 unrelated CMS patients. normal controls or in 42 unrelated CMS patients.
To summarize, both patients have two heterozygous and heteroallelic ⑀ subunit gene mutations. Both pa-
Mutational Analysis in Patient 2
In this patient, the patch-clamp evidence for a kinetic tients share ⑀P121L; patient 1 also has a signal peptide mutation (⑀G-8R) and patient 2 a glycosylation consendefect in AChR, as well as the low MEPP amplitude without EP AChR deficiency pointed to a mutation in an sus site mutation (⑀S143L). Therefore, we designed expression studies to determine the effects of the mutaAChR subunit. Since the low MEPP amplitude without EP AChR deficiency was like that in patient 1, we first tions on the expression, ACh-binding affinity, and kinetic properties of AChR. searched for ⑀P121L detected in patient 1. Indeed, MspI restriction analysis of genomic DNA in patient 2 confirmed that he also harbors a heterozygous ⑀P121L mutation. We then searched for a second mutation in the Expression Studies of Mutant ⑀ Subunits Our molecular genetic analysis suggests that ⑀P121L ⑀ subunit by sequencing all exons and adjacent intronic regions of the ⑀ subunit gene. This revealed two heteroplus either ⑀G-8R or ⑀S143L are required to produce disease ( Figure 3 ). To test this hypothesis further, we zygous polymorphisms (⑀C-60-70T, 70 bases upstream from the first base of the translational start site, and engineered each mutation into the human ⑀ subunit and coexpressed each with complementary ␣, ␤, and ␦ sub-⑀A1245G in exon 11 causing no amino acid substitution), as well as a second mutation. The second mutation was units in 293 HEK cells. As a control, we coexpressed ␣, ␤, and ␦ subunits in the absence of the ⑀ subunit. a heterozygous C-to-T transition at nucleotide 428 in ⑀ exon 5 that converts a serine to a leucine codon at Measurements of (Sine and Taylor, 1979). For ␣ 2 ␤␦ 2 pentamers, ACh binding is biphasic with a plateau at 50% occupancy extending over three decades of ACh concentration (Figure 5B ). This biphasic profile is similar to that described for mouse ␣2␤␦2 pentamers (Sine and Claudio, 1991), and contrasts with that for ␣2␤⑀␦ pentamers that bind ACh cooperatively (see Figure 8B ). When ⑀S143L is cotransfected, ACh binding closely mimics that observed with ␣, ␤, and ␦ subunits alone, suggesting that all of the ␣-bgt binding corresponds to ␣ 2 ␤␦ 2 pentamers (Figure 5B) . When ⑀G-8R is cotransfected, binding of ACh is again biphasic, but the amplitude of the plateau is reduced from 50% to approximately 25%. This asymmetric profile for ⑀G-8R is well described as the sum of a monophasic profile similar to that of wild-type AChR, plus a biphasic profile corresponding to ␣ 2 ␤␦ 2 pentamers. These results suggest that the ⑀ subunit harboring S143L does not assemble with ␣, ␤, and ␦ subunits to form pentamers, but the ⑀ subunit harboring G-8R assembles, although with markedly reduced efficiency. To determine whether ⑀ subunits containing G-8R or ⑀S143L can assemble with complementary subunits, we studied their ability to oligomerize with the ␣ subunit, the earliest step in AChR assembly. We determined the number of ␣⑀ complexes from the number of curare- (Figure 7) .
The fitting analysis establishes that ⑀P121L markedly are the opening equilibrium constants of the singly and doubly occupied states, and K 2 and K 2 * are the dissociaaffects the kinetics of channel gating. Once doubly occupied, the wild-type AChR opens rapidly and effition constants for ACh binding to the resting and open states. Given 1 , 2 , and K 2 estimated from kinetic analyciently, whereas the ⑀P121L AChR opens with profound latency and reduced efficiency ( Figure 7) ; both opening sis, we calculate K 2 * for the wild-type AChR to be 35 nM, whereas that for the ⑀P121L mutant is 1450 nM rate and open channel equilibrium constant are reduced 300-to 400-fold (Table 3) . Opening of the singly occu- (Table 3) . Thus, in addition to affecting channel gating, ⑀P121L reduces the affinity of ACh for the open channel. pied AChR, although slower than that of the doubly occupied AChR, is slowed about 14-fold by ⑀P121L (Table 3). The effect of ⑀P121L on gating is almost entirely ⑀P121L Reduces the Affinity of the AChR for ACh confined to the channel opening step, with little effect Owing to its proximity to residues that contribute to on channel closing (Table 3) To examine the binding site in its simplest form, we enough to support rapid activation at the high concencoexpressed ␣ and either wild-type or mutant ⑀ subunits trations of ACh present at the synapse (Table 3) . For the and measured ACh binding to HEK cells permeabilized human wild-type AChR, the rate of dissociation of ACh with saponin. Oligomers of ␣ and ⑀P121L subunits bind from the second site is rapid, but that from the first ACh with markedly reduced affinity ( Figure 8A ). Thus, site is slower (Table 3 ). The presence of ⑀P121L slows the interaction of ⑀P121L with the ␣ subunit is sufficient dissociation approximately 3-fold from the second site, to reduce affinity for ACh; neither a fully assembled and has no detectable effect on dissociation from the pentamer nor the presence of ␤ and ␦ subunits is refirst site. The resulting association and dissociation rate quired. constants indicate that ⑀P121L causes little change in We then examined equilibrium binding of ACh to cells the affinity of ACh for the resting state of the AChR (Table  transfected with either wild-type or mutant ⑀ subunits 3). Error estimates for association and dissociation rate plus complementary ␣, ␤, and ␦ subunits. The fully asconstants were greater for the mutant than for the wildtype AChR; presumably this resulted from inability to sembled human AChR binds ACh cooperatively and with 
Phenotype Effects of the Mutations
All three mutations are recessive, as each mutation is present in an unaffected relative. ⑀P121L, shared by both patients, is near residues that affect ligand-binding affinity (Sine, 1993; Sine et al., 1995a) and AChRs harboring this mutation are expressed in normal amounts in HEK cells. Expression studies also suggest that ⑀G-8R, the signal peptide mutation found in patient 1, and ⑀S143L, the glycosylation consensus site mutation in 
10
Ϫ4 M, whereas it binds to the open channel and desenresemble those predominating at control EPs (Figure 2 ; Table 2 ). The origin of these channel events cannot be sitized states in the range of 10 Ϫ8 M ( are likely to be doubly occupied because the concentration of ACh is high and the decrease in affinity of the resting state for ACh is only about 2-fold. However, the Implications for AChR Activation probability that a given occupancy will result in channel In addition to affecting the affinity of functional states opening depends on the rate of channel opening relative for ACh, ⑀P121L markedly slows the rate of channel to the rate of ACh dissociation, or the ratio ␤ 2 /k Ϫ2 . Our opening (␤ 2 , Table 3 ). The rate of channel opening is a kinetic analysis demonstrates a dramatic slowing of the measure of the height of the free energy barrier in the channel opening rate but little change in the rate of ACh pathway toward opening, whereas the affinity for ACh dissociation. Thus, ␤2/kϪ2 is approximately 0.023 for the is a measure of the net change in free energy due to ⑀P121L mutant, whereas it is 3.3 for the normal AChR association and dissociation of ACh. We find similar (Table 3) . Thus, the markedly decreased MEPP amplichanges in free energy of the two parameters: ⑀P121L tude is readily explained by a diminished number of increases free energy required for channel opening by receptors being activated. Furthermore, the duration of 3.6 kcal/mole, while it decreases free energy of ACh the synaptic current is curtailed by the shorter than binding by 2.2 and 2.5 kcal/mole for the open and desennormal burst open duration. sitized states, respectively. The dual effect of ⑀P121L
The properties of the ⑀P121L mutation also have theron opening rate and ACh affinity suggests that the site apeutic implications. They predict a favorable response of ACh binding is closely coupled to the site that triggers to 3,4-diaminopyridine, which increases the number of channel opening. Studies of the site-directed mutation ACh quanta released by nerve impulse (Thomsen and ␣Y190F also reveal a decreased rate of channel opening Wilson, 1983) and thereby the number of postsynaptic and a decrease in ACh binding affinity (Chen et al., 1995) . sites activated by ACh. Indeed, patient 1 has improved Thus, favorable contacts between ACh and its binding significantly with this medication. Anticholinesterase site appear to be an essential requirement for forming drugs, which prolong the duration of the synaptic rethe transition state for channel opening.
sponse ( 
Experimental Procedures
We used allele-specific PCR to search for the ⑀G-8R mutation, detected in ⑀-exon 1 in patient 1, and for the ⑀S143L mutation, Muscle Specimens detected in ⑀-exon 5 in patient 2, in the patients' relatives and normal Intercostal muscle specimens were obtained intact from origin to controls. For the ⑀G-8R mutation, the respective wild-type and muinsertion from the patients and from control subjects without muscle tant sense primers were 5Ј-GGGTCCTGCTCCTCTaGG-3Ј and 5Ј-disease undergoing thoracic surgery. All human studies were in GGGTCCTGCTCCTCTaGA-3Ј. Mismatched nucleotide 'a' was introaccord with the guidelines of the Institutional Review Board of the duced three nucleotides upstream to the 3Ј end of the primer to Mayo Clinic. 
Patch-Clamp Recordings from EP AChRs
Restriction Enzyme Analysis A 211 bp fragment of genomic DNA spanning the ⑀P121L mutation These were performed in the cell-attached mode by a slight modification of the previously described method (Milone et al., 1994) . The was amplified with primers 5Ј-TGCAAAAAGCTCGGTTTC-3Ј and 5Ј-GGCCTCGGAGTAGCTCTT-3Ј. The PCR product (25 l) was puribath and pipette solutions contained 135 mM NaCl, 5 mM KCl, 2 mM CaCl 2 , 1 mM MgCl 2 , 15 mM NaHCO 3 , 1.3 mM Na 2 HPO 4 , 11.1 fied by ethanol precipitation. Restriction enzyme digestion was carried out by incubating the purified PCR product, 2 l of 10 ϫ reaction mM dextrose (pH 7.2) with the pipette solution containing specified concentrations of ACh. Owing to trauma induced by microdissection buffer and 5 U MspI (Boehringer-Mannheim), in a volume of 20 l at 37ЊC for 2 hr. The products were size-fractionated on 4% agarose of single-muscle fibers, we obtained a null resting potential. This was confirmed by the absence of detectable channel events with gel containing ethidium bromide. deviations of the mean for each parameter were accepted for further Direct sequencing of both cDNA and genomic DNA from 18-20 analysis. For wild type, greater than 90% of clusters were accepted, human controls indicated nucleotides identical to those in our clone while for the ⑀P121L AChR all clusters were accepted. Finally, clusand no polymorphisms at positions Ϫ27, 560, 1456, 1478, and 1479.
Cloning of Human
ters with greater than 10 events for wild type and greater than two However, 26G in our ␤ subunit clone proved to be a common polyevents for ⑀P121L were accepted. Once identified, the clusters of morphism, being detected in 17 out of 60 alleles by BsaJI restriction open and closed intervals were entered into a table, transferred to analysis.
an IBM RS6000 computer, and analyzed according to scheme 1 The first PCR primers for amplification of the ⑀ subunit were 5Ј-using an interval-based maximum likelihood method that incorpo-CACGCAGCAGGATGGCAAGG-3Ј (nucleotides Ϫ71 through Ϫ52) rated corrections for missed events (Qin et al., 1996) . Single channel and 5Ј-TGGAAGACTGGCACCTGAGA-3Ј (nucleotides 1631 through dwell times, obtained from single patches at several concentrations 1650); the nested PCR primers were 5Ј-cggccggaattcATGGCAA of ACh, were fitted simultaneously. For wild-type AChR, concentra-GGGCTCCGCTT-3Ј (nucleotides Ϫ60 through Ϫ43) and 5Ј-cggccg tions of ACh used for analysis and events analyzed were: 3 M gaattcCAGGGGGAAGGGATCATAAT-3Ј ( bandwidth of 9 kHz and a dead time of 25 s were imposed for all The nested PCR product spanned nucleotides Ϫ60 through 1518 recordings. After fitting, error estimates for each parameter were of the ⑀ subunit gene, whereas the coding region of the ⑀ subunit determined as described (Qin et al., 1996) . Open and closed duration extends from nucleotides Ϫ60 through 1419. The second PCR prodhistograms were calculated from the fitted rate constants and superuct was cut by EcoRI, ligated into pBluescript II SK(Ϫ), and then transferred to the pRBG4 expression vector (Lee et al., 1991) .
imposed on the experimental dwell time histograms.
